Techniques of ecological genetics were applied to the distribution of gene frequencies at seven polymorphic enzyme loci among populations of Cepaea nemoralis in lowland England in an attempt to detect evidence of natural selection operating at the molecular level. In Warwickshire, the frequencies of MDH-1 alleles differed significantly, and those at PEP-D nearly so, between ancient woodlands and old open habitats. However, these differences were not repeated elsewhere. Overall, the pattern of gene frequencies at the molecular level was uncoupled from that at the morphological level, where there was evidence of natural selection on shell colour and banding patterns. The brown phenotype did not appear to be selected in relation to the visible background but, in Gloucestershire, was found to be at a higher frequency on the upper slopes than at lower altitudes along the Cotswold escarpment.
Introduction
The existence of enormous amounts of molecular genetic variation in populations of organisms presents the question of whether the variation is maintained by natural selection or by stochastic forces. Kimura (1968) originally developed his neutral theory to explain the diversity detected by starch-gel electrophoresis (Harris, 1966; . The theory maintains that advantageous mutations are the exception and that molecular evolution occurs by random genetic drift. Nevertheless, given the differences between habitats in environmental parameters and the apparently deterministic nature of metabolic pathways, it would not be surprising if alternate alleles at a locus performed their metabolic functions at different rates or in different ways, especially in poikilothermic organisms. Such an hypothesis could explain why molecular genetic diversity persists in natural populations. The present paper describes the distribution of allozyme frequencies in the gastropod Cepaea nemoralis (L.) in four counties in lowland England and asks whether Present address: Fermentation Laboratory, Microbiology Department, University College, Galway, Ireland. habitat type is a factor in determining patterns of molecular genetic variation.
Natural selection through visual predation by the song thrush, Turdus ericetorum, can operate differentially between habitats on shell characters of C. nemoralis (Cain & Sheppard, 1954) and selection may maintain the polymorphism (Sheppard, 1951; Clarke, 1962) . Although there are many examples in the literature of differences between habitats in phenotype frequencies in other species (e.g. Ford, 1975) , there are only a few examples of differences at the molecular level (e.g. Koehn et a!., 1980; Watt et al., 1983; Powers et al., 1991) , and the neutral theory has been generally accepted by population geneticists. However, two recent papers (McDonald, 1991; Tatarenkov & Johannesson, 1994) have reported further evidence of selective differences between allozymes at some loci, where frequencies are associated with components of the environment.
Enzyme variation in C. nemoralis has been investigated since the mid-1960s and the inheritance of variants at more than 20 loci has been confirmed (e.g. Brussard & McCracken, 1974; Johnson, 1979; Johnson et a!., 1984) . However, none of this genetic variation has yet been found to be associated with habitat (e.g. Johnson, 1976; Ochman et al., 1983) . Instead there are often discontinuous distributions 324 1996 The Genetical Society of Great Britain.
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of allozyme frequencies analogous to area effects for visual characters (Cain & Currey, 1963a) .
Area effects have variously been explained by local adaptation (Cain & Currey, 1963a,b) , founding effects and coadaptation (Goodhart, 1963) , genetic drift and local extinctions (Wright, 1978) and selection modifying morph-ratio dines (Clarke, 1966) . Cameron and his colleagues, however, give a more comprehensive explanation based upon landscape history (Cameron et al., 1980; Cameron & Dillon, 1984; Cameron & Pannett, 1985) . They show that in regions with stable vegetation the snails show variation with habitat, whereas in less stable regions they show area effects.
In the present paper the effect of habitat on the distribution of molecular variation in C. nemoralis is compared with its effect on visible shell characters. As selective differences between habitats on allo- nemoralis (Lamotte, 1951) . Only samples containing at least 20 live individuals were retained for analysis.
An effort was made to collect only adult snails but this was not always possible. Juvenile C. hortensis were excluded on the basis of the distribution of dark pigment in the foot.
Samples were first collected in the summer of 1987 from populations in Lincolnshire, Warwickshire and Oxfordshire; one pair of samples was collected from Lincoinshire, eight from Warwickshire and eight from Oxfordshire. In the summer of 1989, after finding a significant association of allele -, unmodified) . In addition the phenotypes 'dark' and 'effectively unbanded' (EU) were scored (Cameron & Pannett, 1985) . Because of dominance, heterozygotes at C could not be scored consistently and those at B were unscorable.
Habitat classification
The species of plants present at the sample sites were recorded along with the OS grid reference and altitude. Each wood was surveyed to obtain an overall impression of its diversity and to locate any areas of recent planting, past habitation or other major disturbance. The absence of dog's mercury (Mercurialis perennis) was used as an indicator of changes in land use or of locally acidic soils, which were highlighted by the presence of bracken (Pteridium aquilinum), bluebells (Endymion non-scriptus) and birch (Betula pendula).
Woodlands were classified by the methods of Rodwell (1991 The soil types reported in the soil maps of England and Wales (Avery et al., 1975; Soil Survey Staff, 1983) were recorded.
Assessing habitat ages The methodology of Rackham (1980) and Peterken (1981) , which involves interpreting archaeological remains, evidence of past management, woodlandindicator and nonindicator species, abundance and diversity of vegetation, fauna, map features, written documents and names of woods, was used to assess habitat ages. Sample sites were located on the first OS map of each region (Ordnance Survey, 1970;  reprints of maps first published in the 1830s) and the contemporary habitat was noted. The Domesday for each county was consulted for any historical information. Professor Robert Cameron kindly gave information on ancient woodlands in Warwickshire, and Jonathan Spencer of the former Nature Conservancy Council gave information on woodlands in Lincolnshire, Warwickshire (NCC, 1986a) and Oxfordshire (NCC, 1986b; Gibson, 1988) . Information on those in Gloucestershire was obtained from the local nature conservation trust (Regini et a!., 1987; Hawkins et a!., 1988) .
Estimating the age of a woodland is complicated by the fact that those aged 400 years or so and PEP-E and PEP-F. The inheritance of allelic variants at DIA-1 was confirmed by breeding studies (Wilson, 1993) .
Statistical analysis
As heterozygotes cannot be scored reliably and as there is epistasis between B°, U and T and between U3 and T, x2 and Fisher's exact tests were carried out on the numbers of midbanded in banded and on those of 00345 among shells neither unbanded nor midbanded. As many tests were made, the BonIerroni procedure (in Weir, 1990 ) was used to reset the level of significance.
Allele frequencies at the seven polymorphic loci were calculated for each population. The calculation of allele frequencies at PEP-F was complicated by the presence of a null allele (PEP-F') in some samples, so the method of Bernstein (in Hedrick, 1985) was used to estimate allele frequencies, which were adjusted to sum to unity.
Analysis of gene frequencies was performed using uiosysi (Swofford & Selander, 1989) . The exact test of Haldane (1954) was used to determine whether observed allozyme frequencies were in Hardy-Weinberg equilibrium. Generalized Linear Interactive Modelling (GLIM; Aitken et al., 1989 ) was used to compute the ANOVA to test for differences in gene frequencies between habitats. Estimated allele numbers at the four shell loci and the seven enzyme loci were fitted to a binomial model linked to the logit function. The model partitioned the transformed variances between habitats, counties and pairs, which were compared with the residual variance. Other models were applied to test for significant effects of longitude, altitude, soil type and
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Cluster analysis was performed using Nei's (1978) unbiased genetic distance (also used here to calculate phenotypic distances from estimated recessive allele frequencies) to construct dendrograms with Unweighted Pair-Group Method with Arithmetic Averaging (UPGMA). Geographical distances between the samples in each pair were calculated from the OS grid references and rounded to the nearest 10 metres.
The FORTRAN program of Black & Krafsur (1985) was used to calculate two-locus composite linkage disequilibrium coefficients from the allozyme frequencies and from those estimated for the recessive phenotypes at the shell colour and banding loci. Ohta's methods (1982a,b) were applied, in the hope of distinguishing between deterministic and stochastic effects that can produce linkage disequilibrium.
Results
The pair number, county, OS grid reference, estimated minimum age, habitat type, altitude and soil type of the sample sites are reported in frequencies of juveniles and adults were pooled because none of the samples showed significant differences between them when the Bonferroni procedure was applied. Cain & Sheppard (1954) . There were, however, a few anomalies.
The most unusual sample was 9-o which was fixed for pink. However, this site may be strongly influenced by a nearby, probably ancient, woodland. ANOVA (Table 3) shows that there was a highly significant effect of habitat upon the distribution of yellow, pink and midbanded shells and upon that of the phenotypes 'dark' and EU, and a significant effect upon the distribution of unbanded shells. There appeared to be no effect of habitat upon the distribution of brown or 00345 shells. Brown shells showed an interesting distribution along the Cotswold escarpment. Excluding the pairs of samples from the plateau, samples from a higher altitude each had a lower frequency of brown shells than their pair regardless of habitat type (Tables 1 and 2 ).
There was highly significant regional variation (Table 3 ) upon the distribution of midbanded, 'dark' and EU shells. There was also significant regional UPGMA on shell colour and banding foci (Fig. 2) showed that the samples mostly cluster into two groups, one comprising woodlands and the other open habitats.
Enzyme polymorphisms
Allele percentages at the seven variable enzyme loci are reported in Table 4 . None of the samples showed significant differences in allele frequencies between the life stages when the Bonferroni procedure was applied and they were therefore pooled.
Samples conformed to
Hardy-Weinberg equilibrium.
Overall mean allozyme frequencies at each locus were similar in the two habitats. However, among the samples from Warwickshire and Oxfordshire MDH-1 was at a slightly higher frequency in wood- for epistasis by GB, at four shell colour and banding loci. Pair numbers refer to those reported in Table 1 . Table   1 lands than in open habitats ( Gloucestershire data into account, the effect of habitat over the three counties was not significant (Table 5 ; P>0.10), nor was it upon the frequency of alleles at PEP-D.
In contrast to the cluster analysis of shell colour and banding loci, UPGMA on the seven enzyme loci (Fig. 3) showed no evidence of clustering of samples by habitat. ANOVA showed that the regional differentiation apparent in Fig. 3 was highly significant at each enzyme locus (Table 5 ). In addition, there was highly significant microgeographical variation at MDH-1 and PEP-D.
Linkage disequilibrium
The colour and banding loci showed linkage disequilibria in more than 50 per cent of the samples (Wilson, 1993) . The association was mostly between 
Discussion
As expected, the frequencies of phenotypes at the shell colour and banding loci in C. nemoralis differ between habitats in Warwickshire (Currey et at., 1964; Cameron & Pannett, 1985) and Oxfordshire (Cain & Sheppard, 1954) , consistent with the model of visual predation proposed by Cain & Sheppard (1954) but unlike the distribution of phenotypes found in areas with unstable histories (Cameron et a!., 1980; Cameron & Dillon, 1984) . There is, of course, highly significant regional variation, and this is more marked for allozyme loci than for the shell loci. Although MDH-1 and PEP-D both show significant microgeographical variation there is little evidence (although this could be a result of the small number of samples collected in each county) of the marked allozyme differentiation within areas less than 10 km x 10 km found by Johnson (1976) on the Berkshire Downs, where there was concordance between area effects for midbanded and spread-banded shells and alleles at two enzyme loci. It is apparent from Fig. 3 that levels of genetic differentiation are greater in Warwickshire than in Oxfordshire. This probably reflects the fact that geographical distances between samples are greater in Warwicksh ire.
On a larger scale Jones et a!. (1980) and Caugant et at. (1982) found that patterns of differentiation of alleles at shell colour and banding loci and at molecular loci were independent of each other among populations of C. nemoralis from North Wales and the Pyrenees. However, in a much larger survey Ochman et al. (1983) found that there were regional patterns of concordance at allozyme loci with little differentiation at shell loci. In Warwickshire, Cameron & Pannett (1985) found microgeographical variation at shell colour and banding loci resembling area effects that was not detected here. Further analysis showed that this was probably a result of the smaller number of samples collected in this study (Wilson, 1993) . In addition, in that county, they found no effect of habitat upon the distribution of midbandeds, and consequently a smaller effect upon that of effectively unbandeds. It is possible therefore that patterns of regional differentiation at enzyme loci reflect founder effects, modified by other historical stochastic events, rather than natural selection, whereas selective differences between shell colour and banding phenotypes in different environments explain their contemporary distribution, but that natural selection on a regional scale cannot be ruled out. In lowland England, where selection has shaped the distribution of gene frequencies at shell colour and banding loci, there is evidence of microgeographical variation at these loci (Cameron & Pannett, 1985) and at enzyme loci (the present study) indicative of changes in landscape history, but which have had a less marked effect
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Although the discontinuity in the distribution of brown shells along the Cotswold escarpment may be indicative of a sharp dine between different area effects it is not concordant with the pattern of allozyme distributions and requires further investigation.
The results reported here, comparing ancient woodlands and old open habitats, show that whereas there has been adequate time for selection to act at shell colour and banding loci there is little evidence of selection at enzyme loci. Although there seem to be consistent differences between habitats in the distribution of alleles at MDH-1 among samples 
